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MoMo: a group mobility model for future generation mobile
wireless networks
LUCA DE NARDIS and MARIA GABRIELLA DI BENEDETTO, Sapienza University of Rome,
Italy
Existing groupmobilitymodelswere not designed tomeet the requirements for accurate simulation of current
and future short distance wireless networks scenarios, that need, in particular, accurate, up-to-date informa-
tion on the position of each node in the network, combined with a simple and flexible approach to group
mobility modeling.
A new model for group mobility in wireless networks, named MoMo, is proposed in this paper, based on the
combination of a memory-based individual mobility model with a flexible group behavior model. MoMo is
capable of accurately describing all mobility scenarios, from individual mobility, in which nodes move inde-
pendently one from the other, to tight group mobility, where mobility patterns of different nodes are strictly
correlated.
A new set of intrinsic properties for a mobility model is proposed and adopted in the analysis and comparison
of MoMo with existing models. Next, MoMo is compared with existing group mobility models in a typical 5G
network scenario, in which a set of mobile nodes cooperate in the realization of a distributed MIMO link.
Results show that MoMo leads to accurate, robust and flexible modeling of mobility of groups of nodes in
discrete event simulators, making it suitable for the performance evaluation of networking protocols and
resource allocation algorithms in the wide range of network scenarios expected to characterize 5G networks.
CCS Concepts: • Networks→ Network simulations; • Applied computing→ Telecommunications;
Additional Key Words and Phrases: Group mobility modeling, wireless network simulation, 5G networks.
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1 INTRODUCTION
The evolution of wireless mobile networks in the last 20 years, moving from GSM/GPRS, through
UMTS/HSDPA, to LTE and, as of lately, proposals for 5G systems to come, shows two dominating
trends in network design. A first trend is an increase in physical layer flexibility, in order to meet
user requirements and provide higher robustness to channel impairments as channel bandwidth
increases. A physical layer parameter clearly highlighting this trend is the Transmission Time In-
terval (TTI), defined as the shortest time interval over which link configuration can be adjusted:
Figure 1 shows TTI across four generations of wireless standards, moving from 20ms in GSM/Edge
[4], to about 0.15 ms as recently proposed for 5G systems [21]. A second trend is the increase in
spatial density of wireless devices, from 1000 devices per square kilometer in GSM, to the millions
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Fig. 1. Evolution of Transmission Time Interval across generations of cellular networks.
of devices per square kilometer envisioned for 5G networks [1], leading to a corresponding de-
crease in the average distance between transmitter and receiver, from hundreds of meters in GSM
networks to a fewmeters or below in 5G systems. The progressive increase in device density across
generations led to major paradigm shifts in physical layer and network layer design. At physical
layer, signal processing techniques were developed in order to cope with increasingly challenging
throughput and latency requirements of dense deployments. In particular, in 3G and 4G systems,
beamforming was introduced, based on Multiple Input Multiple Output (MIMO). Beamforming
is expected to play a key role in 5G networks with the deployment of Massive MIMO [27]. As a
matter of fact, beamforming techniques rely on the capability of determining the relative position
of transmitter vs. receiver in order to determine the beam direction, and react swiftly to position
changes [22]. At network layer, network topology moved from a purely centralized configuration,
typical of 2G and 3G systems, to a mixed nature, combining infrastructure elements with Device-
To-Device (D2D) connectivity as proposed in LTE [2]. 5G is expected to exacerbate the above
trend, leading to scenarios where most of the traffic is transferred on D2D, short distance links
typically activated among devices that share similar mobility patterns, with connectivity heavily
influenced by device mobility due to the limited radio coverage area [15]. Application scenarios
for short range wireless technologies, where small scale movements can dramatically change net-
work topology, have emerged [19], that foresee small groups of devices moving in a coordinated
manner, while keeping a significant degree of independence in their individual mobility patterns.
Examples include:
• search and rescue operations in response to emergency calls or disasters, in which, according
to best practice rules, operators must work in groups of at least two while keeping visual or
voice contact [33];
• tactical and security teams, with on-demand formation, merging and splitting of groups [3];
• fleets of Unmanned Aerial Vechicles (UAVs) flying in variable formation [28], [39];
• cooperative communications in 5G and cognitive networks [41], [14].
The above analysis indicates that, as wireless mobile networks evolve, wireless links must be ad-
justed more frequently and cover shorter and shorter distances, among devices with similar mo-
bility patterns. A reliable performance evaluation of such networks within the framework of a
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discrete event network simulator such as OMNeT++ [38] or ns-3 [31] will require thus the capa-
bility of determining with high accuracy and high refresh rate the position of wireless devices. In
turn, this requirement calls for the definition of a mobility model capable of providing an accu-
rate description of individual movement patterns and a flexible definition of relationship between
nodes. allowing for seamlessly switching between individual node mobility and group mobility
and viceversa, and enabling thus dynamic group fusions and partitions.
Accurate and flexible modeling of mobility for wireless mobile networks is a difficult task. As a con-
sequence, models proposed in the past focused on specific mobility scenarios, with a dichotomy,
in particular, for individual vs. group mobility models. Section 2 and Section 3 provide a review of
most relevant individual vs. group mobility models; [11], [36] offer extensive surveys.
Focusing on group mobility models, the most popular one is by far the Reference Point Group Mo-
bility (RPGM)model [17], widely used for performance evaluation of protocols for wireless mobile
networks. RPGM was, however, originally proposed for scenarios where a rough description of
node mobility is sufficient (e.g. in modeling mobility of cellular subscribers or users in ad-hoc net-
works over movement spans of hundreds or thousands of meters), and it is not able to provide the
exact position of all nodes at all times, as required by mobility scenarios identified above. More
recently, the DynaMo model was proposed in [13] to model the group mobility emerging from
relationships between players during a soccer match. The suitability of the model for application
scenarios typical of short distance mobile wireless networks was however not assessed in [13], and
its accuracy and reliability in generating mobility patterns in a discrete-event simulator was not
analyzed.
Other group mobility models were proposed as well, but in most cases they failed to gain support
in the research community, either due to limited accuracy in modeling group relations or to exces-
sive complexity in their implementation and tuning. A critical analysis of group mobility models
is carried out in Section 3.
This paper addresses the issue of accurate and flexible mobility modeling in short distance wireless
networks by proposing theMoMomodel.MoMo combines the grouping approach proposed in [13]
with an individual mobility model selected so to satisfy the following requirements: a) guarantee
that upper bounds on linear and angular speed characterizing the specific application scenario are
met at all times by all nodes in the network, b) be able to provide the position of each node in the
network at all times, c) manage seamlessly group formation, disbanding, merging and splitting.
Evaluating and comparing group mobility models is also a challenging task. The most straightfor-
ward approach would consist in comparing mobility traces collected in real world with the traces
generated by themodels; unfortunately, mobility traces for groups of users/devices suitable for this
task are not available in the literature. Although research efforts were in fact devoted to detecting
and identifying group mobility patterns in mobility trace databases, they were almost exclusively
focused on large scale mobility, e.g. large fleets of military vehicles [12], civilian vehicles [25], or
human mobility over daily/weekly periods [30], [35].
In order to overcome the lack of mobility traces for small scale group mobility and enable a fair
comparison between group mobility models, this work also proposes a set of properties a mobility
model must show in order to properly model mobility in short distance wireless networks; they
are 1) accuracy in modeling the desired mobility behavior, 2) robustness to variations of the input
parameters, and 3) flexibility in dynamic mobility scenarios.
MoMo is compared against both individual and groupmobility models, by means of computer sim-
ulation, using performance indicators related the above properties. In addition, a test case scenario
considering a Distributed MIMO network is introduced, in order to analyze MoMo against other
models in terms of their impact on communications network performance in a typical 5G scenario.
The paper is organized as follows. Section 2 carries out a review of existing individual mobility
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Fig. 2. Evaluation of position at time tlu + τ as a function of speed vector updated at time tlu .
models in order to identify a suitable candidate to be adopted in the MoMo model. Section 3 pro-
vides a critical analysis of existing groupmobility models. Section 4 describes theMoMomodel and
introduces model parameters; Section 5 defines the proposed set of properties a mobility model
should show, and the corresponding performance indicators used to compare MoMo with existing
models using a discrete event network simulator, with results presented and discussed in Section
6. Next, Section 7 compares MoMo against preexisting models in the distributed MIMO scenario
mentioned above, and Section 8 draws conclusions.
2 INDIVIDUAL MOBILITY MODELS
Individual mobility models determine the pattern of each node by varying its speed vector, defined
at generic time t as: ®v(t) = |v(t)|e jθ (t ) , where |v (t) | is the speed absolute value and θ (t) is the
direction of movement, defined as the angle between the x axis and the speed vector in the selected
coordinate system. The position of a node can be obtained at any time τ between two updates of
®v as follows: {
x (tlu + τ ) = x (tlu ) + v (tlu ) cos (θ (tlu ))τ
y (tlu + τ ) = y (tlu ) +v (tlu ) sin (θ (tlu )) τ ,
(1)
where tlu is the time instant at which the speed vector was last updated, as shown in Figure
2. Models can be divided in two families, based on the way v and θ are selected and updated:
memoryless vs. memory-based models.
2.1 Memoryless mobility models
In memoryless models the new values of speed and direction selected at each update are indepen-
dent of current and previous values. Well known models belonging to this family are:
- the Random Walk model, also referred to as Brownian model, that is one of the most widely
used models in the simulation of wireless networks of mobile nodes [42]. The model was
broadly used in the analysis of cellular networks, in order to determine the impact of mo-
bility on network performance. Statistical models for reference mobility-related parameters,
such as average cell crossing time, average channel holding time, and average number of
handovers, were developed based on the assumption of a RandomWalk user mobility model
[42]. The model has also been used in mobile ad-hoc networks, for determining the perfor-
mance of routing protocols in presence of node mobility [18].
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In the RandomWalk model, a node selects from time to time its speed and direction accord-
ing to a uniform distribution. Depending on the selected flavor of the model, the selection
of a new speed and direction is triggered by either of the following events:
• A timer set to a predefined update period T expires [5];
• The node covers a predefined distance D [11].
- the model proposed by Ko and Vaidya in [23] in order to evaluate the performance of the
Location Aided Routing protocol. In this model, a node selects the direction at the beginning
of simulation and keeps it constant. The node also selects its speed v within a predefined
interval, and a distance d to be covered with the actual speed, selected according to an expo-
nential distribution. After covering the distance, new values are selected for v and d . When
the node hits a boundary of the simulation area, it is perfectly reflected within the area. The
model was proposed as a simple solution to introduce mobility in network simulations, with
no claims for specific advantages over other mobility models.
- the RandomWaypoint model, originally proposed in [20]; themodel is similar to the Random
Walk model, the main difference being that the trajectory of a node is determined in this
case by a sequence of destination points to reach. When a node reaches a destination point
it pauses for a random time, and then moves towards the next destination point with a new
random speed.
In the Random Waypoint model the time between two updates is inversely proportional to
the selected speed. As a consequence, a node selecting a low speed spends a relatively large
time moving towards the selected destination. It has been observed that this characteristic
leads to large variations in the average number of neighbors (that is nodes within a given
distance) seen by each node, especially on the short term [11]. Variations of this model have
been proposed to address this issue, such as the Random Direction model, that forces the
node to move at constant speed and keep the same direction until it reaches a boundary of
the simulation area when, after a predefined pause time, a new random direction is selected
according to a uniform distribution [32].
All memoryless models share the issue of potentially causing sharp turns and steep variations
in speed when a new speed vector is selected, making it impossible to meet upper bounds on linear
and angular speed, and leading thus to unrealistic mobility patterns.
2.2 Memory-based models
Memory-based models lead to more realistic patterns by introducing a memory effect in the selec-
tion of speed and direction. Well known models that adopt this approach are the following:
- the Inertiamobility model, proposed in [6], in which at each position update, new values for
v and θ are selected with probability ρ, while the current set is kept with probability 1 − ρ.
The ρ parameter models an inertia that tends to keep the node on the current trajectory: the
higher the value of ρ, the lower the probability of selecting a new speed vector. For ρ = 0
the Inertia model falls back to the previously described Random Walk model.
- the Gauss-Markov model, proposed in [26], in which the component vi of the speed vector
along direction i (with i ∈ [x ,y] in a two-dimensional space) at time t is the outcome of a
Gauss-Markov random process vi (t), that is a stationary Gaussian process characterized by
the following autocorrelation function:
ϕvi (τ ) = E [vi (t)vi (t + τ )] = σ
2
i e
−β |τ |
+ µ2i (2)
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where σ 2i and µi are the variance and the mean of vi (t), respectively, and parameter β ≥ 0
introduces a memory effect in the process. The mobility patterns generated by this model
are governed by properly setting the β parameter.
- the Boundless mobility model, proposed in [16], taking its name from the idea of mapping
a bi-dimensional simulation area on the surface of a three-dimensional torus: a node that
reaches an edge of the area disappears, and reappears instantaneously on a point on the
opposite edge, while keeping the same speed vector. The algorithm for speed and direction
update proposed in [16], however, can be adopted within a traditional bounded movement
area as well. In the Boundless model the speed vector is updated every T seconds according
to the following equations:{
v (t +T ) = min (max (v (t) + ∆v, 0) ,vmax )
θ (t +T ) = θ (t) + ∆θ ,
(3)
where:
• vmax is the maximum speed;
• ∆v is the speed variation, uniformly selected at every update time in the interval [−amaxT ,amaxT ],
where amax is the maximum linear acceleration allowed for a node, measured inm/s
2;
• ∆θ is the direction variation, uniformly selected at every update time in the interval
[−γmaxT ,γmaxT ], where γmax is the maximum rotation speed allowed for a node, mea-
sured in rad/s.
3 GROUP MOBILITY MODELS
Group mobility models proposed in the literature can be classified in two families: reference-based
models vs. behavioral models. In reference-based models, nodes belonging to the same group have
their position determined as a deviation from a common reference, for example position or speed.
Behavioral models define the rules that nodes obey in selecting their speed and direction; in these
models groups naturally emerge when multiple nodes share the same rules, and generate thus
similar mobility patterns.
3.1 Reference-based models
The Exponential Correlated Random (ECR) mobility model, proposed in [7], was one of the first
models taking into account correlation among different nodes. In the ECR model, a group is con-
sidered as a single entity: the model does not allow thus to describe the movement pattern of
individual nodes in a group, except for the special case of a single node.
The Reference Point Group Mobility (RPGM) model was designed in order to overcome the limi-
tations of the ECR model, by allowing the description of group as well as individual node mobility
within a group [17]. The model defines a logical reference point for each group, whose movement
is followed by all nodes in the group. The path followed by the reference point defines the entire
group mobility behavior, including position, speed, direction and acceleration. An alternative so-
lution for the definition of the reference path is to elect one of the nodes in each group as its leader,
and to use the position of such node as the reference point for other nodes in the group, referred
to as standard nodes. This latter approach was adopted for the implementation of RPGM in this
work.
The group trajectory is determined by providing a path for the reference point / group leader, and
by refreshing the position of standard nodes every ∆t seconds, randomly placing them within a
distance dmax from the current position of the leader at each refresh. In [17] the path was defined
using the Random Waypoint model described in Section 2.
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Several variations of the RPGMmodel were proposed, in order to describe specific mobility sce-
narios, as for example the Pursue, Nomadic Community and Column mobility models, introduced
in [34]. The Structured Group Mobility Model [9] extended the RPGM model by allowing the use
of different distributions for different nodes, in the generation of relative distance and angle with
respect to the reference point.
The RPGMmodel and its variations present twomajor drawbacks. First, although the position of
the reference point / group leader can be determined at all times, the position of standard nodes in
a group is only known at each position update, requiring thus to adopt an extremely short update
period ∆t in order to guarantee up-to-date position information for all nodes. Second, explicit
bounds on maximum linear and angular speed can only be imposed on the reference point; since
the position of a node is randomly selected every ∆t secondswithin an area of radiusdmax centered
in the position of the group reference point, ∆t and dmax must be carefully selected, in order to
avoid violations on the linear and angular speed upper bounds of standard nodes.
The Reference Velocity Group Mobility (RVGM) model was proposed in [40] as an evolution of
the RPGM model. In this model, nodes belonging to a same group share a reference speed vector,
rather than a reference position. The authors in [40] propose the use of Gaussian variables for the
generation of both reference speed vector and variations in speed and direction for each node in
the group, with respect to the reference vector.
The RVGMmodel addresses one of the issues discussed for RPGM, since it provides a speed vector
for each node, and allows to determine the position of each node at any time. However, in RVGM
the spatial distribution of the nodes is heavily dependent on the initial position of the nodes.When
nodes of a same group are close at network start, they maintain their physical proximity due to
their similar speed vectors; oppositely, if nodes in a group are randomly positioned in the play-
ground at start, no clear relation of their relative positions appears. If the playground is of infinite
size, a relation will emerge in time, with each group moving in a different direction and forming
a separate sub-network. In an area of limited size, this behavior will not emerge, as the limited
playground will impose a finite maximum distance between nodes.
A common trait to the reference-based models discussed so far is the assumption of a persis-
tent group binding between nodes. As a consequence, the performance of the models in scenarios
characterized by dynamic group bindings is not assessed in existing literature.
3.2 Behavioral models
The concept of behavioral mobility modeling was introduced in [24]. In this approach the mobility
pattern of a node is the result of a set of rules, that are mapped on corresponding forces applied
to the node. Each force j generates an acceleration vector ®aj , and the combination of acceleration
vectors leads to a global acceleration vector ®a, that in turn determines the speed vector, and finally
node mobility. The set of rules proposed in [24] determines the behavior of a node with respect to
a) its desired destination, b) the surrounding environment, and c) the presence of other nodes. The
main "desired destination" rule is the Path Following rule, that determines an acceleration vector
towards a preset destination, taking into account the maximum speed allowed for the node. Rules
taking into account the environment includeWall Avoidance and Obstacle Avoidance, that generate
repulsive forces affecting the mobility pattern. Finally, rules that determine the behavior of a node
in presence of other nodes includeMutual Avoidance, that avoids collisions between nodes, and the
Group Centering and Velocity Matching rules, that force nodes to stay close in the space or speed
domain, and can be considered as the behavioral equivalents to the RPGM and RVGM mobility
models, respectively.
An extension of the behavioral model in [24] was recently proposed in [8], focusing on a more
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accurate modeling of the interaction with obstacles.
Behavioral mobility modelingwas also investigated in [29], where amodular approach is proposed,
in which basic rules are combined in order to generate complex behaviors such as group mobility.
Basic rules include Seek, Flee, and Arrive for individual mobility, and Pursuit, Evade and Interpose
for modeling the interaction between nodes.
Finally, a behavioral model based on a sociological analysis of the impact of social ties between
individuals on mobility patterns was proposed in [10], again translating them in an acceleration
vector.
Behavioral mobility modeling allows to introduce group mobility while maintaining informa-
tion on the position of each node at any time, thus addressing the major issue affecting RPGM
and most other reference-based group models. On the other hand, equations describing the rules
governing the behavior of nodes include parameters that are hard to relate with expected mobility
patterns, as observed in [37]. Furthermore, behavioral models require the selection of normalizing
and scaling factors to determine the relative weight of the different forces, making their adoption
in modeling wireless networks extremely difficult.
4 THE MOMOMODEL
The MoMo model aims at the creation of a mobility pattern for each node, that emerges from
the natural combination of individual mobility with group bindings. The two key components are
thus the individual mobility model that a node follows in absence of group bindings, and the group
bindings themselves, as described below.
4.1 Individual mobility model
Since, as indicated in Section 2, memoryless models lead to unrealistic mobility patterns due to
the sudden changes in speed and directions, they were deemed unsuitable for adoption in MoMo.
Memory-based models, on the other hand, can all potentially be adopted, but among them the
Boundless model emerges as the best option for individual mobility modeling, as justified below.
The Inertia model may provide a straightforward mechanism for introducing memory in the selec-
tion of the speed vector. However, in this model, when av and θ are updated, there is no correlation
with their previous values, still leading to unrealistic patterns characterized by abrupt turns and
speed variations, that, furthermore, make it impossible to meet requirements on maximum linear
and angular speeds.
The Gauss-Markovmodel promises smoother patterns when compared to Inertia, but still does not
provide a straightforward way to meet constraints on maximum speed and rotation in the gener-
ation of a mobility pattern. The adoption of a Gaussian probability density function, in particular,
may lead to unrealistic values for node speed.
The lack of control on the resulting mobility patterns made thus both Inertia and Gauss-Markov
models unsuitable for modeling individual mobility in MoMo.
The Boundless model shares with the Gauss-Markov model the capability of reproducing realistic
movement patterns. The model has, however, the advantage of allowing the introduction of strict
limits on speed, acceleration and rotation speed of nodes, making it easier to achieve realistic mobil-
ity patterns that meet predefined upper bounds. The model provides a good compromise between
accuracy and flexibility, and was thus selected to model individual node mobility in MoMo. Figure
3 shows an example of movement pattern obtained with the Boundless mobility model within an
area of 200x200m2, with T = 1 s , γmax = π/2 rad/s , amax = 5m/s
2 and vmax = 5m/s .
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Fig. 3. Movement paern of a node following the Boundless mobility model withT = 1 s , γmax = π/2 rad/s ,
amax = 5m/s
2 and vmax = 5m/s .
4.2 Group bindings
TheMoMomodel inherits from the model in [13] the idea of defining binding conditions related to
physical proximity between nodes. The binding condition between two nodes i and j in the same
group, referred to as group mates, is defined as:
di j ≤ Dc , (4)
where di j = d ji is the distance between nodes i and j , and the distance Dc is a tunable threshold. If
the binding condition in Eq. (4) is satisfied, the two nodes are said to be connected. Consider a group
of size N . For the generic node j the set of N cj group mates that the node detects as connected is
referred to as its connected set.
The ratio between N cj and the total number N − 1 of group mates is referred to as grouping factor
ρ j :
ρ j =
N cj
N − 1
. (5)
The behavior of node j depends on the following grouping condition defined on ρ j :
ρ j ≥ ρmin, (6)
where the grouping threshold ρmin is also a tunable model parameter. Each node periodically
checks whether the grouping condition is satisfied, with period ∆u. Depending on the outcome,
the node enters in either of the two following states:
• Free, when the grouping condition is satisfied. In this state the node moves freely according
to the Boundless mobility model;
• Forced, when the grouping condition is not satisfied. In this state the node moves towards
the closest group mate k not part of its connected set, in order to increase its grouping factor.
v and θ are set as follows:
v = vmax (7)
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Fig. 4. Example of application of the MoMo mobility model for a group of 8 nodes, with ρmin = 0.5. In a) the
considered node (black node) is connected to 3 nodes (striped nodes) in its group, out of its 7 group mates,
and the grouping factor ρ = 3/7 measured by the node is lower than the required ρmin . As a consequence,
the node enters in Forced mode and moves towards the closest group mate out of its connected set. The node
maintains this behavior until the grouping condition is satisfied, evolving towards the situation in b), where
the size of the connected set is increased to 4, corresponding to ρ ≥ ρmin .
θ =
{
min
(
βk j , θold + γmaxTlu
)
, if βk j ≥ θold
max
(
βk j , θold − γmaxTlu
)
, otherwise,
(8)
where βk j = arctan
(
yk−yj
xk−x j
)
, (xk ,yk ) and (x j ,yj ) are the positions of nodes k and j , respec-
tively, θold is the previous direction, andTlu is the time elapsed since the last position update
1.
Equations (7) and (8) ensure that node j reaches the selected group mate k in the shortest
possible time frame, while avoiding, however, violations of constraints on linear and angular
speed.
The behavior defined in the Forced mode, that is moving towards the closest group mate not in
the connected set, is not the only possible one. More complex behaviors, e.g. moving towards the
centroid of the positions of group mates, can be easily introduced in the framework of the MoMo
model.
Figure 4 shows an example of application of the MoMo model in the case of a group of N = 8
nodes with ρmin = 0.5. Lines between nodes indicate connectivity for the purpose of the MoMo
mobility model. In Figure 4a) the size N c = 3 of the connected set for the black node leads to
a grouping factor ρ = 0.43. The grouping condition is thus not satisfied, and the node moves
toward the closest group mate not part of its connected set, until the condition is satisfied (see the
configuration shown in Figure 4b), in which N c = 4, ρ = 0.57).
The definition of connectivity, and the corresponding meaning of the threshold Dc , is a key aspect
in MoMo. The model allows for a flexible definition of the concept of being connected, depending
on the application scenario:
• connectivity related to radio communications - in this case two nodes can be connected
either through a direct radio link (physical layer connectivity), when they are within radio
range, or through relaying, guaranteed by other group mates (network connectivity);
• connectivity based on a radio-independent parameter - for example, if a group corresponds
to a security team, physical visibility may correspond to connectivity: a teammembermoves
freely until it is able to see a minimum number of team members, and moves closer to the
other members of the team when the condition is not met anymore.
An example of the movement pattern obtained with the MoMo model is presented in Figure 5.
1In a discrete implementation of the model, with position updates every ∆t , one has Tlu = ∆t . Oppositely, if the position
update is triggered on demand, Tlu measures the time elapsed from the last position update.
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Fig. 5. Movement paerns obtained with the MoMo model for a group composed of 4 nodes with the
following simulation seings: area size 200x200m2, maximum speed vmax = 5m/s , amax = 5m/(s
2),
γmax = π/2 rad/s , T = 5 s , ρmin = 0.7, Dc = 30m, ∆u = 1 s . As nodes start from random positions,
the grouping factor ρ is below the threshold for all of them. Nodes thus start moving in Forced state; as soon
as one of them achieves ρ > ρmin it switches to Free state.
5 COMPARISON METHOD
The comparison between mobility models is usually a complex problem due to the difficulty of
defining objective comparison criteria. In the past, models were compared mainly by measuring
their impact on network topology. This paper extends the analysis by defining, and using in the
comparison, a set of intrinsic properties that a mobility model should possess:
• accuracy in modeling desired mobility patterns;
• robustness to variations in model parameter settings and consistency in generated mobility
patterns;
• flexibility, allowing for the widest possible range of mobility scenarios to be addressed.
The first property, accuracy, refers to the capability of a mobility model of faithfully representing
the desired mobility behavior, as defined by bounds on mobility model parameters. In this paper
the accuracy of a model is assessed by measuring whether a model meets bounds on maximum
linear speed and maximum rotation speed by means of two performance indicators: 1) the percent-
age of position updates violating the speed upper bound, and 2) the percentage of position updates
violating the rotation speed upper bound.
Robustness takes into account the consistency of the mobility patterns generated by a model as
a function of the variations in the model parameters settings. In order to assess the robustness
of a model, the two performance indicators introduced above and the average speed of nodes are
analyzed as a function of the position update period ∆t and of the maximum threshold for the
distance between two group mates, in models foreseeing such a threshold. It should be noted that
models that define a speed vector for each node, such as RVGM and MoMo, allow to determine
the position of nodes at any time, independently from ∆t , by using Equation (1). ∆t was, however,
selected as one of the parameters to be considered in the analysis for two reasons: a) some models,
such as RPGM, do not provide a speed vector for each node, and position updates can be only pro-
vided every ∆t seconds; b) most network simulators used in the performance evaluation of mobile
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wireless networks are actually discrete event simulators, favoring the implementation of mobility
models as a sequence of periodic updates rather than as the evaluation of a time-continuous func-
tion. The latter reason, in particular, makes it very important to assess whether mobility models
are robust with respect to variations of ∆t .
Flexibility is defined as the capability to model dynamic scenarios where mobility characteristics
change in time, leading to merging, splitting or disbanding of groups. Transitions between the two
extreme cases of individual vs. tight group mobility, in particular, should be handled seamlessly by
the mobility model, without generating unrealistic mobility patterns. The average speed of nodes
in the network was measured while varying mobility characteristics, in order to detect any discon-
tinuity or artifacts introduced by the model in generated patterns.
6 PERFORMANCE ANALYSIS
6.1 Simulation seings
MoMo was compared against RPGM and RVGM group models in terms of accuracy, robustness
and flexibility. Performance evaluation was carried out by computer simulation, using a simulator
developed in the framework of the OMNeT++ simulation environment [38]2. The simulation sce-
nario was formed by a network of 16 nodes, divided into 4 groups of 4 nodes for group mobility.
The simulation area size was 5000x5000m2, and each simulation run lasted 10000 seconds. The up-
per bounds on linear and angular speed to be met by models were set respectively tovmax = 5m/s
and γmax = π/2 rad/s . Model-specific settings adopted during simulations are presented in Table
1. In the case of RPGM and RVGM the following implementation choices were made, in order to
ensure a fair comparison with MoMo:
• RPGM : a group leader was selected in each group. The reference path for each group leader
was generated using the RandomWalk model in place of the RandomWaypoint model orig-
inally proposed in [17], in order to avoid the side effects of the latter model, discussed in
Section 2.
• RVGM : a group leader was selected in each group. The limits on minimum and maximum
speed were enforced by adopting for both group leaders and standard nodes a truncated
Gaussian distribution, rather than the Gaussian distribution originally proposed in [40].
6.2 Accuracy
Figure 6 shows the percentage of position updates violating the speed and rotation speed limits
for MoMo, RPGM and RVGM, with the settings in Table 1. Figure 6 shows that both the MoMo and
RVGM are able to meet at all times the limit on linear speed, leading to no violations. The RPGM
model, on the other hand, is unable to meet the bound on maximum speed, leading to a percentage
of violations above 70%.
As for rotation speed, MoMo is again able to meet at all times the limit on upper rotation speed,
with no recorded violations. This is not the case for RPGM and RVGM, leading to violations in 50%
and 10% of position updates, respectively.
6.3 Robustness
For the robustness analysis, the maximum distance allowed between group members was deter-
mined by the Dc parameter for the MoMo model and by the dmax parameter for the RPGM model.
2OMNeT++ 4.6 was used, by extending it with modules implementing the simulated mobility models and collecting simu-
lation data. An archive containing all the OMNeT++ modules required to replicate the experiments presented in this work
is available upon request to the authors, by sending an email to luca.denardis@uniroma1.it.
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Table 1. Simulation seings for the considered mobility models
MoMo RPGM RVGM
∆t 1 s 1 s 1 s
T 5 s N/A 5 s
vmax 5m/s 5m/s 5m/s
vmin 0.001m/s 0.001m/s 0.001m/s
amax 5m/(s
2) N/A N/A
γmax π/2 rad/s N/A N/A
Dc 30m N/A N/A
ρmin 0.5 N/A N/A
∆u = ∆t N/A N/A
dmax N/A 30m N/A
σv N/A N/A 1m/s
σθ N/A N/A 0.26 rad
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Fig. 6. Percentage of position updates violating the speed and rotation speed limits in the MoMo, RPGM
and RVGM mobility models.
In the case of the RVGM model no maximum distance is defined between group members, and as
a consequence only the impact of ∆t was investigated.
The structure of MoMo ensures that the upper bound on speed is always met: as a consequence,
the percentage of updates violating the bound is zero for all values of ∆t and Dc . The same is true
for RVGM thanks to the adoption of a truncated Gaussian distribution for the absolute value of
speed. This is not the case for RPGM, as shown in Figure 7, presenting the percentage of position
updates leading to speed violations as a function of the position update time ∆t , for different val-
ues of dmax . Results clearly highlight that the RPGMmodel fails to meet the upper bound on node
speed. For low values of ∆t , in particular, nodes that are not group leaders (that is 75% of the total
number of nodes) almost never meet the bound on maximum speed, leading to an overall 75% of
violations all over the network. The behavior of RPGM is directly related to the way positions of
ACM Trans. Model. Comput. Simul., Vol. 9, No. 4, Article 39. Publication date: March 2010.
39:14 L. De Nardis and M.-G. Di Benedeo
0.1 0.25 0.5 0.75 1 1.25 5
Position update period (s)
10
20
30
40
50
60
70
80
Pe
rc
en
ta
ge
 o
f u
pd
at
es
 v
io
la
tin
g 
th
e 
sp
ee
d 
up
pe
r b
ou
nd
d
max
=15 m
d
max
=75 m
d
max
=135 m
d
max
=195 m
Fig. 7. Percentage of position updates violating the speed limit obtained with RPGM for four values of dmax
as a function of the position update period ∆t . All the remaining simulation seings were set according to
Table 1.
standard nodes are determined. In the case of small ∆t values the position of nodes is updated very
often; since at every position update positions of standard nodes are randomly generated within
dmax meters of group leader position, a small ∆t leads to a high probability of violating the speed
upper bound. The longest distance a standard node can cover in RPGM at each update is in fact
equal to:
d = 2dmax +vleader∆t , (9)
where vleader is the current speed of the group leader. The corresponding maximum speed, for
low values of ∆t , can be approximated by:
v =
d
∆t
= 2
dmax
∆t
+vleader  2
dmax
∆t
. (10)
For example, when dmax = 10m and ∆t = 0.1 s , one has v ≤ 200m/s , independently of the
maximum speed allowed for group leaders.
Figure 7 highlights that the adoption of a large ∆t mitigates the issue; this result comes, however,
at the price of a lower accuracy in mobility modeling. Note in fact that in RPGM the position of
standard nodes is only known at position update epochs, and cannot be derived according to eq.
(1), since no speed vector is defined for standard nodes.
A similar trend can be observed for the upper bound on rotation speed. In this case as well the
MoMomodel alwaysmeets the bound and shows no violations independently ofDc and∆t . Figures
8 and 9 present the percentage of rotation speed violations for RPGM and RVGM, respectively.
Both RPGM and RVGM adopt, in the generation of the reference path, a mobility model that does
not allow to define a limit on rotation speed. As a consequence, compliance to the upper bound
cannot be guaranteed even for the group leaders. Note that for both RVGM and RPGM the number
of violations drops eventually to zero when ∆t is large enough to allow a full rotation between
two updates without causing a rotation speed violation, as shown in Figures 8 and 9 for ∆t = 5 s .
In the case of RVGM, the percentage of violations increases as ∆t increases for small values of ∆t ,
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Fig. 8. Percentage of position updates violating the rotation speed limit obtained with the RPGM mobility
model for four values of dmax as a function of the position update period ∆t . All the remaining simulation
seings were set according to Table 1.
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Fig. 9. Percentage of position updates violating the rotation speed limit obtained with the RVGM mobility
model as a function of the position update period∆t . All the remaining simulation seings were set according
to Table 1.
while the opposite trend is observed for higher values of ∆t . This can be explained by observing
that, as ∆t increases, two opposite phenomena coexist:
(1) the number of position updates decreases; since in RVGM rotation speed violations can only
happen just after the selection of a new speed vector, the number of rotation violations is
mainly depending on T , which is kept fixed in the simulations. As a consequence, although
a detailed analysis of simulation results shows that the number of violations decreases with
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Fig. 10. Average speed obtained with the MoMo mobility model as a function of the position update time
∆t for different values of Dc . All other simulations parameters were set as reported in Table 1.
∆t , they become more relevant in percentage because the total number of position updates
decreases at a faster rate;
(2) the maximum rotation allowed for a node between two updates, given byγmax ·∆t , increases,
thus decreasing the probability for a direction update to cause a rotation speed violation.
For low ∆t , phenomenon 1) prevails, leading to an overall increase in percentage of updates leading
to a violation; as ∆t increases beyond 1, phenomenon 2) becomes predominant and the percentage
of updates decreases with ∆t .
Figures 10, 11 and 12 show the average speed of nodes as a function of ∆t for MoMo, RPGM and
RVGM, respectively. MoMo shows a high robustness to variations of ∆t ; as one would expect, the
average speed increases as Dc decreases, since a tighter group binding leads nodes to spend a
larger amount of time in Forced mode, especially when node positions are not updated very often.
This is shown in Figure 10 in the curve Dc = 15m for ∆t = 5 s , where the average speed gets very
close to the allowed maximum speed vmax = 5m/s .
Results for RPGM, presented in Figure 11, show that, for this model, the average speed strongly
depends on ∆t , due to the effect described by equation (10): in particular, the average speed is
extremely unrealistic for low ∆t that is, incidentally, the setting required for modeling the mobility
of standard nodes with high accuracy.
Finally, RVGM shows very good robustness to variations of ∆t , since the speed selection process
is not influenced by the update period (see Figure 12).
6.4 Flexibility
The flexibility of mobility models was evaluated by randomly switching from group to individual
mobility and viceversa. The switch between group and individual mobility for the three models
was implemented as follows:
• in MoMo, ρmin was set to zero, allowing all nodes to move in Free mode;
• in RPGM and RVGM all nodes were considered as group leaders, and thus moved indepen-
dently of other nodes in the network.
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Fig. 11. Average speed observed in the RPGM mobility model as a function of the position update time ∆t
for different values of dmax . All remaining seings were as of Table 1.
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Fig. 12. Average speed obtained with the RVGM mobility model as a function of the position update time
∆t . All remaining seings were as of Table 1.
Figure 13 shows the average speed as a function of time for MoMo, RPGM, and RVGM, in a sim-
ulation run under these settings. Results highlight the lack of flexibility of the RPGM model: the
average speed for this model presents high spikes when nodes switch back to group mobility, due
to the abrupt displacement of standard nodes from their previous position to a random position,
within dmax meters from their group leader.
MoMo, on the other hand, does not show any anomalous behavior during transitions. Following a
transition from individual to groupmobility, in particular, nodes check the grouping condition and,
if required, switch from Free to Forced mode and update their speed vector accordingly, without
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Fig. 13. Average speed obtained with the MoMo, RPGM and RVGM mobility models as a function of time.
Group behavior was switched on and off during the observation, with average duration of on/off period equal
to 100 s. All remaining seings were as of Table 1.
any discontinuity in their position. Figure 13 shows that the RVGM model suffers no discontinu-
ities in average speed on transitions as well, again thanks to the adoption of a truncated Gaussian
distribution.
Figure 14 extends the analysis by presenting both the average distance between nodes in the same
group, and the average distance between all nodes as a function of time for the three models. The
results highlight a strong difference of RPGM and MoMo vs. RVGM. RVGM is in fact unable to
preserve proximity bindings between group mates, in particular after long periods of individual
mobility. During these periods, nodes belonging to the same group spread across the simulation
area, since their speeds and directions are independent. As a consequence, RVGM is only suitable
for very specific mobility scenarios, where group members are not required to meet any bound on
intra-group average distance. Figure 14 shows indeed that RVGM does not lead to different intra-
group vs. inter-group average distance, while MoMo and RPGM lead to a significantly shorter
intra-group distance.
Results highlight that MoMo is capable of combining the desirable properties of the RPGM and
RVGM models, that is physical proximity between group mates (RPGM), and high robustness to
variation of model parameters and mobility scenarios (RVGM), while addressing the shortcomings
of such models. It is worth observing that the limitations highlighted in the analysis carried out
in this section for both RPGM and RVGM cannot be addressed by simply adopting a different
individual mobility model for the group leader in RPGM, or for all nodes in RVGM.MoMo achieves
in fact this goal thanks to the combination of a "good" mobility model with its specific approach
to group relationship modeling.
7 A TEST CASE SCENARIO: IMPACT OF GROUP MOBILITY MODELING ON
DISTRIBUTED MIMO
The high device density characterizing 5G networks is expected to require the introduction of
advanced cooperation algorithms in order to turn network density in an advantage, rather than a
limitation; an accurate modeling of mobility will be thus fundamental for a reliable evaluation of
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Fig. 14. Average distance obtained with the MoMo, RPGM and RVGMmobility models as a function of time.
Group behavior was alternatively switched on and off with average duration of each period equal to 100 s.
All remaining se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Empty markers: intra-group average distance; filled markers: network-wide average distance).
the performance of 5G cooperative networks. In this section the impact of group mobility models
on the performance evaluation of such a network, as considered in [41] is analyzed, by comparing
RPGM and MoMo.
In [41] a Distributed MIMO network was analyzed, in which a transmitter TX selects L relay
nodes out of K > L candidates, randomly scattered around the position of TX , in order to create
a virtual antenna array and send data toward a second virtual antenna array formed by N nodes
clustered around a receiver RX , placed at d meters from TX . The work in [41] focused on the
transmitter side, and proposed an algorithm for the selection of the L relay nodes that favors the
nodes with the highest channel gains toward the array at the receiver side, leading to a scheme
referred to as Reconfigurable Distributed MIMO (RD-MIMO). The results presented in [41] showed
that RD-MIMO leads to an average achievable rate larger than the one obtained when all the
K nodes are used in the array. The paper also investigated the impact on performance of node
mobility, determining the update periodTos for the optimal set of L relays required to compensate
for the variations of channel gains introduced by mobility, as a function of the node speed and of
the desired trade-off between performance and overhead introduced by the selection procedure.
Mobility of nodes was modeled in [41] according to the RandomWalk model, with the additional
constraint of not allowing nodes to move outside an are of s by s square meters, centered on TX ,
thus indirectly introducing a correlation between the positions of nodes.
In this work the analysis carried out in [41] is extended by considering proper group mobility
models, in particular MoMo and RPGM, in comparison with the Random Walk (RW) model.3 The
settings defining the scenario were derived from [41], and foresee staticTX and RX nodes at fixed
distance d = 30 m, with K = 20 nodes moving within an area centered on TX and N = 8 relays
around RX . Again according to [41], the optimal value L = 12 was adopted in all simulations, and
∆t = 0.1 s was selected, in order to allow the analysis for selection updated periods as low as 0.1 s,
3The authors gratefully acknowledge Dr. Zheng and Dr. Haas for making available the code they developed to carry out
the simulations presented in [41].
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as also considered in [41].
The constraint on the position of the K candidate relays was implemented in the three mobility
models as follows:
• RW: nodes moved freely in a square area of side s = 15 m centered onTX ; nodes reaching an
edge of the square were rebounded towards the center with same speed and new direction
determined by a perfect reflection.
• RPGM1: all K nodes shared a static reference point set on the position of TX , and were
positioned at each position update at random locations within a distance dmax = s/2 from
the reference point.
• RPGM2: all K nodes shared a reference point moving according to the RW model within
a circle of radius s/4 centered on TX , while the K nodes were positioned at each position
update at random locations within a distance dmax = s/4 from the reference point.
• MoMo: each of the K nodes hadTX as its only group mate, with ρmin = 1 and Dc = s/2.
4
Note that the RPGM1 implementation in the above list is the most natural solution to introduce
the desired mobility constraint in RPGM, but in the considered scenario it would make the RPGM
mobility patterns independent from vmax . The alternative approach labeled as RPGM2 was thus
also considered in order to ensure fairness for RPGM in the comparison.
All other simulation settings were the same as in Table 1.
The results of the simulations are presented Figure 15 and Figure 16. In particular, Figure 15
shows the number of candidate nodes selected in the optimal set of L relays that are still among
the best L relays, as a function of the elapsed time from the last relay selection, referred to as Tel .
Results in Figure 15 show that the MoMo mobility model preserves the effect of correlation in the
position of nodes over time observed in [41], and also confirmed in the same Figure, for the RW
model. In addition, the two models are also similarly affected by a variation in the maximum speed:
as one would intuitively expect, higher mobility leads to a faster disruption of the optimal set of L
relays, due to the physical topology changes occurring at a higher pace. Oppositely, both flavors
of RPGM fail to preserve any correlation between the positions of nodes, and the number of nodes
that are still part of the optimal set drops, immediately after the last selection, to the average size
|A ∩ B | of the intersection of two random subsets A and B, both of size L, independently extracted
out of a set S = {s1, · · · , sK } of size K . Under the assumption of uniform, independent extractions,
one has: pAi = Prob {si ∈ A} = p
B
i = Prob {si ∈ B} = L/K ∀i = 1, · · · ,K and |A ∩ B | is thus equal
to:
|A ∩ B | =
K∑
i=1
pAi p
B
i = K
L
K
L
K
=
L2
K
= 144/20 = 7.2. (11)
The average achievable rate, presented in Figure 16, exhibits the same pattern as a function
of Tel , with a graceful decrease for RW and MoMo vs. an abrupt drop for both flavors of RPGM.
Results confirm thus the capability of MoMo of correctly modeling the movement of nodes in
micro-mobility scenarios, overcoming the inherent limits of RPGM that lead to artifacts affecting
the correctness of performance evaluation.
Interestingly, Figure 16 also shows that the four models present different average achievable rates
even atTel = 0, when the optimal set is considered. This result can be explained by observing that
the achievable rate depends on the spatial distribution of the candidate nodes: mobility models
that lead to a distribution of candidate relays farther away from TX will in general allow for
4The selected Dc value allows nodes to occasionally occupy positions outside the circle of diameter s ; a strict observance
of the constraint on the position of the candidate relays could be enforced by choosing Dc = s/2 − ∆tvmax , with the
undesirable effect of linking a model parameter, Dc , to a simulation setting, ∆t .
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Fig. 15. Number of relays selected in the last relay selection that are still part of the set of best candidates
as a function of elapsed time from last relay selection in the network in RD-MIMO adopting RW, RPGM1,
RPGM2 andMoMomobility models, respectively, assuming amaximum speed ofv = 1m/s (a) andv = 2m/s
(b) for each candidate node in RW and MoMo, and for the reference point shared by all candidate nodes in
RPGM2. Results for RPGM1 are independent of speed, and are replicated in both figures out of completeness.
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Fig. 16. Average achievable rate as a function of elapsed time from last relay selection in the network in RD-
MIMO adopting RW, RPGM1, RPGM2 andMoMomobility models, respectively, assuming amaximum speed
of v = 1 m/s (a) and v = 2 m/s (b) for each candidate node in RW and MoMo, and for the reference point
shared by all candidate nodes in RPGM2. Results for RPGM1 are independent of speed, and are replicated
in both figures out of completeness.
the selection of nodes closer to RX , and thus lead to a higher average rate. This observation is
confirmed by the analysis of the spatial distribution of the four models, presented in Figure 17,
showing the estimate of the probability density function for the position of candidate nodes in an
area 20x20 square meters around TX . Results show that RRW and MoMo lead to a more uniform
distribution of nodes in the area, corresponding to a higher probability of finding relays closer to
RX . Both RPGM flavors lead to a distribution biased toward the center of the area and thus, as
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Fig. 17. Spatial probability density function for RW, RPGM1, RPGM2 and MoMo mobility models measured
within a square area of size 20x20 square meters centered on the position of TX , with a resolution of 0.1 m.
an average, to relays closer to TX and farther from RX . Correspondingly, the average achievable
rate at Tel = 0 is higher for RW and MoMo than for the RPGM flavors. The gap in the average
achievable rate between RW and MoMo observed in Figure 16 can be explained by the different
shape of the area aroundTX occupied by nodes in the two models: the additional surface available
in the case of RW allows occasionally to get optimal configurations that are impossible to achieve
in MoMo. As for the RPGM implementations, RPGM1 leads to a spatial distribution apparently
more biased toward the position ofTX ; however, a closer examination of the distributions shows
that RPGM1 leads to a higher probability of occupying positions on the edge of the circular area,
and thus correspondingly to a slightly higher average achievable rate than RPGM2, as shown in
Figure 16.
8 CONCLUSION
A new mobility model, referred to as MoMo, was proposed. MoMo is designed to accurately de-
scribe both individual movement of single nodes and group mobility emerging from interaction
between nodes, aiming at modeling mobility in short distance wireless connectivity scenarios fore-
seeing dynamic group mobility, that will characterize 5G networks.
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A set of intrinsic properties that mobility models should exhibit, in order to ensure a reliable gen-
eration of mobility patterns, was proposed. Performance indicators to analyze models in terms of
such properties were also defined. The MoMo model was compared against stat-of-the-art group
mobility models, by means of computer simulations. Results highlight that the MoMo model over-
comes the limitations of preexisting group mobility models both in terms of flexibility in the pos-
sible mobility patterns and of correctness in generating such patterns in discrete-event simulators.
MoMo guarantees in fact the possibility of determining at any time the position of each node in
the network and can flexibly and dynamically describe mobility patterns, ranging from loose or no
group mobility to tight group mobility. Furthermore, MoMo is robust to variations in the mobility
update period, in particular to its reduction to sub-second duration, as required to accurately track
nodes in micro-mobility scenarios. MoMo is therefore a suitable candidate for modeling group
and individual mobility in future network scenarios, and in particular in short distance wireless
network scenarios that will characterize 5G systems.
Future work will focus on the acquisition and use of captured mobility traces in 5G network sce-
narios in order to compared them with synthetic traces generated with the MoMo model, and
on the comparison of the impact of MoMo vs. other group mobility models on wireless network
topology parameters, as for example link duration and link availability. An additional research line
will address the combination of the group binding approach adopted in MoMo with a behavioral
mobility model, in order to enable the accurate simulation of scenarios involving the presence of
walls and obstacles.
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